Deformation and fracture in galvannealed coating which was subjected to tensile or compressive stress by three point bend test were investigated by scanning electron microscopy. In the coating subjected to compressive stress, cracks were generated in the d 1 phase and propagated at an angle inclined to coating plane in the d 1 phase. Then, fracture occurred within d 1 phase, or, along the G-Fe interface. In the coating subjected to tensile stress, cracks were generated in the d 1 phase and propagated perpendicularly to coating plane in the d 1 phase. Then, cracks reached and propagated along the G-Fe interface. The coating did not show any plastic deformation under tensile stress but showed apparent plastic deformation under compressive stress. During deformation of the coating and the steel substrate, there was substantial interaction and inhomogeneity. Major deformation mode in the coating was cracking while that in the steel substrate was inhomogeneous plastic deformation in the regions adjoining to the cracks, irrespective of compressive or tensile stress.
Introduction
Galvannealed sheets, which are superior in corrosion resistance, 1) paintability 2) and weldability, 3) are widely used in automotive industry and armors of household electric appliances. These coatings consist of various Fe-Zn intermetallic phases which are subsequently stacked on the steel substrate with G (Fe 3 Zn 10 -bcc), G 1 (FeZn 4 or FeZn 21 -fcc), d 1k (FeZn 7 -superlattice hexagonal), d 1p (FeZn 10 -hexagonal) and z (FeZn 13 -based centered monoclinic). [4] [5] [6] The coating fractures during deformation processes such as pressing because the ductility of intermetallic phases is inferior to that of the steel substrate. The partial detachment of the coating, which is often referred to as powdering and flaking, 7) deteriorates corrosion resistance and paintability of the coating and damages the forming tools. However, the coating is not entirely detached even under sever deformation condition. The remaining coating can play an enough role in practical use.
So far, the fracture and exfoliation of the coating have been studied by various tests. Tokunaga et al. 8) observed in bend test that cracks were generated from the G layer or (d 1 ϩG) layer in the coating and the length of crack propagating along the G-Fe interface increased as the thickness of the G layer increased. Hertveldt et al. 9) demonstrated in single lap shear test that as the shear strength of galvannealed coatings increased, the amount of fracture at the GFe interface decreased, and also the fraction of the fracture in the a-Fe grain boundaries and within the coating increased. Alpas et al. 10) observed in draw bead test that the decohesion occurred along the G-Fe interfaces or along the a-Fe grain boundaries of substrates when Fe contents in coatings are low, i.e., Ͻ5 g/m 2 , while the decohesion occurred along the G-G 1 and the G-d 1 phase boundaries when Fe contents in coatings are between 6 and 9 g/m 2 . The deformation and fracture of the coating is assumed to be thus dependent on the microstructure of the coating and also deformation condition (i.e. process). However, the details of the fracture mechanism, e.g., from which phase or interface crack initiates and in which phase or interface crack subsequently propagates, have not been clarified so far. It is supposed that the deformation behavior of coatings, which consist of several intermetallic phases and adhere to the steel substrate, is different from the mechanical property reported in bulk material of each phase. 11, 12) For example, plastic deformations at these phase or interfaces may be expected to occur. Also, there has been little observation about interactions between the coating and the steel substrate during deformation. In this study, using a scanning electron microscope (SEM), crack generation and fracture path in the galvannealed coating, which was subjected to tensile and compressive stress by three point bend test, were investigated, based on a pseudo in-situ observation by which view field was fixed at the same place before and after bend test. Plastic deformation of the coating and interaction between the coating and the steel substrate during deformation were especially focused. ness, which was galvannealed at 773 K for 80 s, was used in this study. The chemical composition of the coating film and the steel sheet are shown in Tables 1 and 2 , respectively. The coating film contained about 10-11 mass% Fe, and was not different between the front side and the back side of the steel sheet.
Three Point Bend Tests
Test specimens with a dimension of 5ϫ40 mm 2 were cut from the galvannealed sheet using no water. The three point bend tests were carried out at room temperature and at a displacement rate of 0.1 mm/min. A fully articulated three point bending fixture with a span of 14.2 mm and a pushing rod of 4 mm diameter made by stainless steel was used. Accurate strains were calculated by measuring a radius curvature of the deformed specimen. The observed strains were 0.01, 0.03, 0.06, 0.13, 0.15 and 0.23. When obtaining strains over 0.1, two steel sheets, from one side of which the coating layers were polished, were bonded to each other using an epoxy, and thicker specimens were prepared. Also, the fragmented powders were removed from the deformed specimen surfaces using a cellophane adhesive tape, and then the deformed specimens were rinsed in an alcohol. SEM observation was first performed on compression and tension sides of wide surface of the coating, whose normal directions are parallel to a displacement axis of load. After the SEM observation, the deformed specimens were fixed by resin and their narrow side-surfaces were polished by about 1 mm in thickness initially by using emery papers and subsequently by using diamond paste. Then, the polished narrow side-surfaces of the coating, which was subjected to compressive stress and tensile stress, respectively, were observed by SEM. The polished narrow side-surfaces of the deformed specimens were not etched in order to prevent new generation of the cracks. The generation and propagation of the crack and fracture behavior of the coating subjected to compressive and tensile stress were determined on these narrow side-surfaces.
Tensile Tests
In general, compressive deformation more easily exfoliates the coating from the steel substrate than tensile deformation. Actually, the coatings subjected to tensile stress by the three point bend test hardly exfoliate even at a strain of 0.23 that is the largest compressive strain used in this study. To independently observe the fracture of the coating subjected to tensile stress, tensile tests were therefore performed at room temperature and at a strain rate of 6.9ϫ 10 Ϫ4 s
Ϫ1
, using specimens with a gage dimension of 3ϫ12 mm 2 . 0.3 strain was obtained by this tensile test. SEM observation on the wide and narrow side-surfaces of the coating was conducted on the tensile deformed specimens as the same observation was conducted on the three point bend tested specimens.
Pseudo In-situ Observation
The narrow side-surfaces in the center of the specimens were in advance imaged by SEM. 0.13 strain was given to the specimen by three point bend test that was performed in the same condition as that mentioned in the previous section. After three point bend test, the same area as that imaged before deformation was observed by SEM. Some of voids and inclusions existing in the narrow side-surfaces of the specimens before three point bend test were used as markers, and distances between them were carefully measured and then compared with those measured before test. Occurrence of plastic deformation of the coating was confirmed and its quantification was performed on this observation. To correct the distances between the markers depending on their locations, the coatings and observation before or after deformation, in other words, to obtain accurate data for plastic deformation, a grid utilized for TEM observation was adhered on the narrow side-surfaces of the coating, locating far from a point contacted with a pushing rod, i.e., far from a point where severe bend deformation does not take place. Measuring the distances between the markers existing on the grid surfaces before and after bend test, the distances between the markers existing on the narrow side-surfaces of the coatings were corrected.
Results And Discussion

Initial Structure of Coating
Cross sectional view of the coating and the steel substrate, which were etched by 10 % naital solution, is shown in Fig. 1 . The microstructure of the coating consisted of homogeneous G layer with a thickness of approximately 1 mm, columnar G 1 layer and then columnar d 1 layer with departing the steel interface. There was no apparent z phase. d 1k phase and d 1p phase were not distinguished from each other. Accordingly, we simply denote them d 1 phase in the followings. Total thickness of the coating was 10-20 mm in depth with a relatively large fluctuation, and the coating occasionally accompanied some craters with a depth of approximately 10 mm. Table 1 . Chemical composition of the coating film (mass%). Table 2 . Chemical composition of the steel sheet (mass%). Figure 2 shows compression and tension sides of wide side-surfaces of the coating when 0.15 strain was applied. The arrows in micrographs indicate the direction of stress. In compression side of the coating, the main cracks existed in parallel to the direction of stress. This result is attributed to the fact that the tensile stress arose perpendicular to the compressive stress direction. In tension side, the main cracks existed perpendicular to the tensile axis because the tensile stress acted directly on the coating. Therefore, the main cracks arose more severely in tension side surface of the coating than in compression side surface of the coating when the applied strain is identical between two side surfaces. In both side surfaces of the coating, distances between the cracks decreased and width of the cracks increased as strain increased. The exfoliation of the coating in compression side was observed to occur when 0.15 strain was applied while that in tension side was observed to occur when 0.23 strain was applied. This result indicates that the exfoliations of the coating occur more easily in compressive deformation than tensile deformation. Figure  3 shows fractography of the coating in which the exfoliation occurs in compression side and tension side, respectively. The fracture modes at compression side surface can be divided mainly to two types of fracture patterns. It is found that the cleavage fractures accompanied with river pattern take place in d 1 phase while the intergranular fractures take place in G phase or G 1 phase. 4) Figure 3 (a) shows the fracturing in d 1 phase while Fig. 3(b) shows the fracturing within G phase and the subsequent propagation to steel-substrate interface. On the other hand, the fracture surfaces at tension side surface mostly take place at steelsubstrate interface as shown in Fig. 3(c) .
Fracture Behavior Observed at Wide Side-surface of Coating
Fracture Behavior Observed at Narrow Side-surface of Coating
In compression side of the coating, the cracks were not clearly observed until strain where the exfoliation arises because the introduced main cracks run parallel to the stress axis, i.e., to the narrow side-surface of the coating. Figure  4 shows the generation of cracks and the subsequent fracture in the compression side of the coating. The cracks nucleated in d 1 phase and propagated in d 1 phase with an angle inclined to coating-steel interface (Fig. 4(a) ). Then, fracture completed within d 1 phase (Fig. 4(b) ), or cracks reached the coating-steel interface followed by fracturing along the coating-steel interface (Fig. 4(c) ). Figure 5 shows the generation of cracks and the subsequent fracture of the coating in the tension side of the coating. Many cracks perpendicular to the coating-steel interface were observed in d 1 phase, from early time, i.e., low strain ( Fig. 5(a) ) because the cracks run perpendicular to the stress axis. As strain increased, the cracks reached G-Fe interface (Fig. 5(b) ), and propagated along this interface, resulting in final fracture (Fig. 5(c) ). Based on these observations, the failure modes of the coating that was subjected to compressive and tensile stress, respectively, are schematically summarized in Fig. 6 . The number of the cracks generated in the coating, which was subjected to pure tensile stress, are plotted in Fig. 7 as a function of distance between the cracks. The measurement was conducted at center part of side-surface of the coating covering approximately 2 mm in distance. Here, it is noted that the increase in the number of cracks with increasing strain is not due to prior cracks existing before deformation but due to strain applied by deformation. As strain increases, the relative number of the generated cracks with distances more than 40 mm decrease, and the relative number of cracks with distances 10-20 mm increase. Figure 8 shows the relative number of the generated cracks as a function of crack width. As strain increases, the relative number of the generated cracks with widths under 1 mm decrease, and the relative number of the generated cracks with widths more than 2 mm increase. The relationships between nominal strain and average of distance be- tween the cracks, and between nominal strain and average of width are shown in Fig. 9 . It is understood from these figures that the coating is finally divided into segments of approximately 16 mm in length by cracking, and average of the crack width grows until approximately 2.8 mm in length. The slope of both curves became small at strains larger than 0.13, because the cracks began to propagate along the coating-steel interface. Also, both the curves remained at almost the same levels at strains larger than 0.23, because the exfoliations started at this strain and thereby stresses could not be transmitted to the coating. These results clearly indicate that cracks are easily generated at tension side surfaces of the coating while exfoliations easily arises at compression side surfaces of the coating. Figure 10 shows SEM images of the narrow side-surface of the specimens subjected to compressive stress before and after three point bend tests. Compressive stress applied by three point bend test resulted in inhomogeneous deformation in the coating layer as well as the steel substrate: partial exfoliation and severe slip bands were observed in the coating layer and the steel substrate, respectively. The distances between two markers that were locating in the coating layer as well as the steel substrate were denoted with numerical numbers in the figure. The distances between two markers were measured before and after three point bend test, and shown in Table 3 . Strain corresponding to each marker, i.e., number is plotted in Fig. 11 as a function of the distance from the coating-steel substrate interface. In this figure, the marker numbers, 1-4 in the coating layer showed apparent strains, i.e., plastic deformations due to compressive deformation. Large strains were also measured in the steel substrate. The marker number 7 showed especially large strain value, i.e., ϳ0.13 corresponding to strain applied to the specimen. Next, strains estimated from two markers (i.e., No. 4 in the coating layer and No. 5 in the steel substrate), which are adjoining to the coating-steel interface, show higher value and lower value than those estimated from the markers locating far from the interface, respectively. This means that the requirement of plastic compatibility is satisfied at the coating-steel substrate interface. However, it should be pointed out that there was still large difference in strain between two markers No. 4 and No. 5, as clearly shown in Fig. 11 although the exfoliation of the coating did not occur. Similar measurements were performed on the markers locating in different area of the coating. Consequently, plastic deformation of the coating and inhomogeneous deformations of the steel substrate were again confirmed. Also, these observations suggest that local plasticity, i.e., the so-called interfacial plasticity occurs at G-steel substrate interface, G-G 1 interface or G 1 -d 1 interface. Figure 12 shows SEM images of the narrow side-surfaces of the specimens subjected to tensile stress before and after three point bend tests. The distances between two markers in the coating layer did not change after deformation, meaning no plastic deformation. Strains calculated from the changes of the distances between two markers in the coating and the steel substrate were measured and shown in Table 4 . In most cases, the cracks, which already existed in the coating before deformation and perpendicular to the coating-steel substrate interface, increased their width, and then propagated along the coating-steel substrate interface. Also, it was found that new cracks generated in the coating as shown in Fig. 12 .
Pseudo In-situ Observations
SEM images of the narrow side-surface of the specimens subjected to compressive and tensile stress were taken at low magnification, as shown in Fig. 13 . Not only in compression side but also in tension side of the coating, severe inhomogeneous plastic deformation such as slip bands took place and deeply invaded in the steel substrate beneath the crack generated in the coating layer, and subsequently arrived at the coating-steel substrate interface. These facts reveal that the deformation and fracture of the coating interact with the deformation of the steel substrate each other. Irrespective of compression or tension mode, major deformation in the coating is generation of the crack while that in the steel-substrate is inhomogeneous plastic deformation. In addition, it was found that plastic deformation arose in the coating only when the coating was subjected to compressive stress. It was also recognized that inhomogeneous deformation took place not only along stress axis but also along the direction perpendicular to the stress axis, i.e., the Table 3 . Changes of distance between two markers in the coating and the steel substrate which was subjected to compressive stress. Table 4 . Changes of distance between two markers in the coating and the steel substrate which was subjected to tensile stress. coating-steel interface. Such deformation behavior is suggested to be associated with elastic 13) and plastic 14) strain compatibility arising at the coating-steel interface.
The most interesting fact found in this study is that the coating subjected to compressive stress undergoes plastic deformation. There have been no reports that several intermetallic phases constituting the coating display plastic deformation in their bulk forms at ambient temperatures. 11, 12) However, it is possible that plastic deformation e.g., based on slip deformation, twin deformation, or stress-induced transformation, occurs due to the specific deformation nature so that intermetallic phases in the coating strongly adhere to the steel substrate and consist of extremely thin layers. Furthermore, it is suggested that interfacial plasticity by glide motion and multiplication of interfacial dislocations is activated at some interfaces (G-steel, G-G 1 and G 1 -d 1 . Therefore, more detailed studies for interface structures and mechanical response of the coating are needed. In order to further clarify the deformation and fracture mechanisms of the galvannealed coating, microscopic (direct) observation using a transmission electron microscope (TEM) in addition to further improvement of the macroscopic (indirect) observation conducted in this study is required.
Conclusions
Deformation and fracture in galvannealed coating which was subjected to tensile and compressive stress by three point bend test were observed. Especially regarding plastic deformation of the coating and the interaction between the coating and the steel substrate, the following conclusions were obtained from this study.
(1) In compression side of the coating, cracks were generated in d 1 phase and propagated at an angle inclined to the coating-steel interface. Then, fracture occurred within d 1 phase or the cracks reached the coating-steel interface and fracture occurred along the interface.
(2) In tension side of the coating, cracks were generated in d 1 phase and fracture occurred along the coating-steel interface.
(3) The coating did not show any plastic deformation under tensile stress but showed apparent plastic deformation under compressive stress.
(4) For deformation of the coating and the steel substrate, there was substantial interaction and inhomogeneity. Major deformation mode in the coating was cracking while that in the steel substrate was inhomogeneous plastic deformation at the region adjoining to the crack in the coating, irrespective of compressive or tensile stress. 
